Southern leaf blight (SLB) of maize, caused by the ascomycete Cochliobolus heterostrophus (Drechs.) Drechs. (anamorph = Bipolaris maydis (Nisikado) Shoemaker; synonym = Helminthosporium maydis Nisikado), is a serious disease of maize throughout the world where maize is grown under warm, humid conditions (21, 26) . Three races of C. heterostrophus have been described (8, 25, 32) . Race O, considered the most common race, is the indigenous race throughout most areas where SLB occurs. Race T, the cause of the 1970 SLB epidemic in North America, is specifically virulent on Texas male-sterile cytoplasm (cmsT) maize due to its ability to produce a polyketide toxin (T toxin) to which cmsT maize is sensitive (14, 15) . After the use of cmsT maize was discontinued following the 1970 epidemic, the frequency of race T in North America has declined to a very low level. Apparently race T is less fit than race O (9, 11, 12, 22, 23) . Race C of C. heterostrophus, specifically virulent on C male-sterile cytoplasm (cmsC) maize, has been reported from China, but is not known to occur elsewhere (32) .
Estimates of yield losses due to SLB vary widely, depending upon the race and environment, and can be quite substantial. During the 1970 SLB epidemic, total crop failures due to race T were reported in the southern United States, while the entire U.S. maize crop in 1970 was reduced by an estimated 15% by SLB (30) . Losses of up to 40% or more have been demonstrated in inoculated yield loss trials with race O (2,4,31).
Resistance has been the primary means of SLB control. Resistance to race T is achieved by avoiding use of cms-T hybrids. Resistance to race O may be inherited in as simple a manner as one (rhm, 24) or a few recessive nuclear genes (3,7,27), or many genes acting in a mostly additive manner (1, 16, 17, 19) . Although virulence to these nuclear genes has not been observed in nature, Kolmer and Leonard (10) were able to increase the aggressiveness of C. heterostrophus race O to a partially resistant maize inbred line through recurrent selection. Their selection increased not only the level of general aggressiveness of C. heterostrophus to all maize inbreds tested, but also increased specific virulence to the partially resistant inbred line on which the recurrent selection was practiced. They speculated that the reason or reasons such selection has not been observed in nature may be due to the rare occurrence of sexual reproduction in C. heterostrophus, the low heritability of virulence, and the constantly changing genetic makeup of maize hybrids being grown. Variation in general virulence or aggressiveness is common among field isolates of C heterostrophus race O in North America (10) . Some isolates are less parasitically fit than others, and yet they persist in the population. One mechanism by which pathogens with reduced parasitic fitness may persist is by increased competence during nonparasitic phases of the life cycle. Perennation or overwintering is one such phase (13) . The object of this research was to measure variation in the parasitic fitness of field isolates of C. heterostophus and to determine its relationship, if any, to their ability to perennate or overwinter under field conditions in North Carolina.
MATERIALS AND METHODS
Isolates. A sample of 22 isolates of C. heterostrophus, collected from maize fields across North Carolina over several years and representing both mating types and races (O and T), were used in all experiments in this study (Table 1) . Isolates were maintained in 15% glycerol at -80°C and cultured on either 10 g potato dextrose agar (PDA) with 10g/l glucose or corn leaf agar (CLA; 10).
Greenhouse test of aggressiveness. The 22 isolates were cultured as described above. Conidial suspensions were prepared by washing conidia from the surface of 10-to 14-day-old cultures with tap water, filtering the resulting suspension through a double layer of cheesecloth, and determining the conidial concentration with the aid of a hemacytometer. The final concentration was adjusted so that approximately 50 conidia were applied in each 10-µl drop of inoculum applied to leaves. The experiment consisted of a randomized complete block design with three replications of the 22 isolates. The experiment was repeated once. Experimental units consisted of single 15-cm-diameter pots planted with four seeds of Pioneer hybrid 3184 in a sterile soilless potting mix (Metromix, Scott's, Inc., Marysville, OH). After emergence, plants were thinned to two plants per pot. Five 10-µl droplets of inoculum were applied to the third or fourth leaf of 3-weekold plants and allowed to air dry prior to being placed overnight in a mist chamber. Plants were returned to the greenhouse bench for 4 days, after which the length of the lesions resulting from each droplet was measured and the mean lesion length on plants in each pot was recorded. Data from the two repetitions of the experiment were combined and analyzed by ANOVA. Selection occurring during the saprophytic or overwintering phase of the life cycle of Cochliobolus heterostrophus, the causal agent of southern leaf blight of maize, may be a factor in the persistence of apparently less aggressive isolates in the pathogen population. The relative aggressiveness and ability to perennate of 22 isolates of C. heterostrophus from North Carolina was measured in series of experiments. Significant differences in aggressiveness and percent perennation (overwintering survival) were observed. There was a weak but often significant negative correlation between the ability of isolates to persist on the soil surface and their aggressiveness. The ability of race O isolates to sporulate on senescent corn leaf discs was positively correlated with their aggressiveness. Selection against increased aggressiveness during overwintering does not appear sufficient by itself to counter selection for increased aggressiveness occurring during the pathogen's pathogenic phase.
lished in 3.25-ha fields that had been machine planted in late April each year with the SLB-susceptible commercial maize hybrid Pioneer brand 3184 (1990 and 1991) or Pioneer brand 3162 (1992). Fields were planted at a plant population of 57,000 plants/ha in rows spaced 0.97 m apart. Individual plots consisted of single rows 5 m long and plots were separated from other plots by at least 6 m in all directions. The experiments were arranged as randomized complete blocks with four replications of each treatment (isolate). Inoculum of each isolate was prepared by soaking sorghum grain overnight in water, draining off excess water, dispensing the soaked grain into 1-liter flasks, autoclaving for 1 h, and inoculating the cooled flasks with a spore suspension of the isolates. The sorghum grain cultures were grown for 2 to 3 weeks at room temperature and then stored at 4°C until used. Plots were inoculated at the 4-to 6-leaf growth stage by placing approximately 20 to 30 kernels of the sorghum grain inoculum into the leaf whorls. The length of five random SLB lesions was measured beginning 7 days after inoculation each year. Individual lesions were marked with a waterproof marking pen and were measured on each subsequent measuring date. Lesion lengths were measured every two days for a total of four times in 1990, every three days for a total of five times in 1991, and two times 14 days apart in 1992. Percent SLB severity (% leaf area affected) was visually assessed on whole plots at the boot (tassel still wrapped in the uppermost leaf), midsilk, mid-milk, early dent, and 1 week prior to physiological-maturity stages. The area under the disease progress curve (AUDPC) also was calculated based on percent SLB severity ratings (34) Measurement of perennation. Samples of diseased leaf tissue were harvested from each of the Plymouth plots at the early milk stage of development each year, before any interplot spread of isolates between plots was apparent. Samples were air dried at room temperature in mesh bags, and stored in a cool (15°C), lowhumidity (relative humidity < 25%) room until use. In December of each year, 5-g subsamples were taken from each of the Plymouth tissue samples and placed in foot-sized nylon stockings. Subsamples from each plot also were placed in nylon mesh laundry bags and placed outside to be exposed to ambient conditions from December through March each winter. In the winter of 1990 to 1991, samples were placed on the soil surface at the Reedy Creek Research facility in Raleigh. In the winters of 1991 to 1992 and 1992 to 1993, samples were overwintered on the soil surface as described above and also approximately 75 cm above the ground by suspending bags on a wire. At the end of the overwintering or perennation period (end of March), the samples were again air-dried and stored indoors as described above until assayed.
Sporulation assay. Plot samples that had been stored indoors and subsamples that had overwintered outdoors as described above were placed in separate moist chambers consisting of 19 by 15 by 3 cm sealed plastic storage boxes lined with moistened paper toweling. After 3 days, samples were washed with 50 ml tap water and the resulting suspension examined directly for samples overwintered indoors. For samples overwintered outdoors, the 50-ml suspension was pelleted using a tabletop centrifuge and the resulting pellet resuspended in 2 ml water. The concentration of conidia of C. heterostrophus in the suspensions was determined with the aid of a hemacytometer and the total numbers of conidia produced on the samples estimated.
Lesion assay. The relative overwintering of the different isolates also was estimated using a lesion assay on a susceptible hybrid (Pioneer 3184) in field trials at the Genetics Garden, Raleigh, North Carolina. Plots of the susceptible hybrid consisted of single rows, 6.1 m long and spaced 1 m apart, with a total of 20 plants in each plot. Assay plots were planted in late April each year. An individual plant in each plot was inoculated with either 50 mg of ground sample that had overwintered indoors or overwintered outside (on the soil surface only in 1991; both on the soil surface and above ground in 1992 and 1993). Plants were inoculated at the 6-to 8-leaf stage by placing the ground samples in the leaf whorl, and the number of lesions resulting were counted 10 days later.
Data analysis. The percent overwintering of isolates was estimated from the sporulation and lesion assays by dividing the number of conidia (sporulation assay) or lesions (lesion assay) produced by tissue overwintered outdoors over the corresponding number of conidia or lesions, respectively, produced by tissue overwintered indoors under controlled conditions. These data were then subjected to ANOVA and regression analyses to determine significant differences among isolates in perennation and its possible relationship to aggressiveness in C. heterostrophus. Leaf disc-sporulation assay. The 22 isolates of C. heterostrophus were also tested for their ability to colonize and sporulate on green or brown (senescent) maize leaf tissue. The experiment consisted of a factorial arrangement of the 22 isolates and two types of leaf discs arranged in a randomized complete block design with three replications. Isolates were grown for 5 days on 10 g PDA, and a 0.5-cm plug transferred to the center of a 1.5% water agar petri plate. The plug was surrounded by 6 discs of either green or brown maize leaf tissue, 1 cm in diameter, and placed 2.5 cm from the PDA plug. Leaf discs were cut from either healthy green, field-grown maize leaves (green discs) or from dried, brown senescent leaves from field-grown maize (brown discs). All leaf discs were sterilized with gamma radiation (Co 60 source) prior to placing on the agar medium. The resulting leaf disc assay plates were placed in a 28°C incubator for 7 days, after which the colonized leaf discs were removed, washed in 2 ml water, and the conidial concentration of the resulting suspension determined with the aid of a hemacytometer. The experiment was repeated and data from both trials were combined and analyzed by ANOVA to determine differences in the ability of isolates to sporulate on green or senescent leaf tissue.
RESULTS
Isolate aggressiveness studies. The 22 isolates differed significantly in their level of aggressiveness in both the greenhouse and field trials (Table 1) . Lesion length, lesion expansion rate, percent disease severity, and AUDPC were all highly correlated measures of isolate aggressiveness. The three race T isolates were significantly less aggressive than race O isolates in all tests. There were significant differences in aggressiveness among the race O isolates as well. Although the year × isolate interaction was highly significant (P < 0.01) in the combined analyses of the aggressiveness data, the correlation between each year's data was significant, and the effect of isolates in the combined ANOVA was significant or highly significant (P < 0.05 to P < 0.01, depending on the measure of aggressiveness) when tested with the isolate × year interaction term. Most of the isolate × year interactions appeared to be due to changes in the magnitude of differences between isolates between years rather than changes in rank.
Perennation of isolates. Survival of the 22 isolates in leaf tissue on the soil surface during the winter of 1990 to 1991 was poor when measured by the leaf assay and by the sporulation assay (Table 2 ). There were significant (P < 0.05) differences in perennation among the isolates when measured by the lesion assay, but not with the sporulation assay. Perennation of the isolates on the soil surface during the winter of 1991 to 1992 was also low, but higher than the previous winter as measured by both the lesion and sporulation assays. Perennation was much greater in leaf tissue overwintered above the soil surface than at the soil surface. No lesion assay data were obtained from tissue overwintered in the winter of 1992 to 1993, as extreme drought damage to the plots made accurate counting of lesions impossible.
Sporulation on leaf discs. Sporulation of the 22 isolates was greater on green versus brown (senescent) leaf discs (Table  2 ). Significant differences in sporulation on leaf discs was observed among the isolates, and sporulation on both types of leaf disc was significantly positively correlated.
Correlations among traits. Pathogen aggressiveness measured by lesion length in both the field and greenhouse, lesion expansion rate, and percent SLB severity at the early dent stage was significantly (Table 3) , but not with perennation measured by the sporulation assay. All measures of aggressiveness were negatively correlated with percent perennation on the soil surface even if they were not statistically significant. When only race O isolates were considered, only lesion expansion rate was significantly negatively correlated with percent overwintering as measured by the lesion assay. Percent perennation above ground as measured by the lesion assay was significantly positively correlated with greenhouse lesion length only. Aggressiveness of all isolates was not significantly correlated with sporulation on either green or brown maize leaf discs but, when only race O isolates were considered, sporulation on brown leaf discs was significantly positively correlated with aggressiveness as measured by lesion length in both the field and greenhouse and lesion expansion rates. There was no significant correlation between perennation measured by the lesion assay and the sporulation assay (data not shown).
DISCUSSION
Evidence is presented here that the ability of isolates of C. heterostrophus to perennate was often significantly negatively correlated with their aggressiveness (as measured by the lesion assay of tissue overwintered on the soil surface). This supports the hypothesis that competence in perennation or overwintering may be a selective force in the C. heterostrophus population. It is not clear that the strength of this correlation is sufficient to explain the persistence of less-aggressive strains in nature. The race T isolates of C. heterostrophus appeared to overwinter better than the race O isolates in this study. Several studies have shown that race T is less fit than O on normal cytoplasm maize, and its frequency in the C. heterostrophus population declined to near zero quite rapidly once cms-T maize hybrids were no longer grown in the United States (9, 11, 12, 22, 23) . Thus the apparent increased ability of race T isolates to perennate observed in the current study was not apparently sufficient to compensate for its reduced fitness on normal cytoplasm maize during the parasitic phase of its life cycle.
Although the ability to perennate may be a selective force in the C. heterostrophus population, these data suggest that perennation ability may not be highly heritable, at least as measured by the means reported here. Whether by the lesion assay or the more direct sporulation assay, the ability to detect even relatively large differences in the ability to perennate among isolates was difficult. Perennation was apparently not related to the ability of isolates to grow saprophytically and sporulate on senescent host tissue. The very low survival rate on leaf tissue that had overwintered on the soil surface indicates that C. heterostrophus may not be an efficient saprophyte. This observation is consistent with overwintering studies of race T conducted following the 1970 SLB epidemic (5,6, 18, 20, 28, 29) . Despite its limited ability to persist in host residues, there was a significant relationship between aggressiveness among race O isolates and their ability to sporulate on senescent host tissues. A similar relationship between parasitic fitness and sporulation of races of C. carbonum also has been reported (33) .
Taken together, these data add little support to the hypothesis that less-aggressive isolates of C. heterostrophus are maintained in the population by selection operating during perennation or saprophytic phases of their life cycle. If such selection is operating, its effects are probably slight, given the low heritability of aggressiveness among race O isolates (10) and the apparent low heritability of perennation ability as observed in these studies. Other possible selection forces that may account for maintaining polymorphism for aggressiveness in C. heterostrophus and that invite further exploration include some form of density or frequency dependent selection, or host genotype. a Percent southern leaf blight (SLB) disease severity at the mid-silk and early dent stages of host development. b LER = lesion expansion rate. c AUDPC = area under disease progress curve. d +, *, **, and *** indicate correlations coefficient not significantly different or significantly different from zero at the 0.10, 0.05, 0.01, and 0.001 levels of probability, respectively. ns = not significant. e Coefficients in parentheses are those calculated using only data from isolates of race O of C. heterostrophus.
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